The collective behavior of a many-body system near a continuous phase transition is insensitive to the details of its microscopic physics [1] . Characteristic features near the phase transition are that the thermodynamic observables follow generalized scaling laws [1] . The Berezinskii-KosterlitzThouless (BKT) phase transition [2, 3] in two-dimensional (2D) Bose gases presents a particularly interesting case because the marginal dimensionality and intrinsic scaling symmetry[4] result in a broad fluctuation regime which manifests itself in an extended range of universal scaling behavior. Studies on BKT transition in cold atoms have stimulated great interest in recent years [5] [6] [7] [8] [9] [10] , clear demonstration of a critical behavior near the phase transition, however, has remained an elusive goal. Here we report the observation of a scale-invariant, universal behavior of 2D gases through in-situ density and density fluctuation measurements at different temperatures and interaction strengths. The extracted thermodynamic functions confirm a wide universal region near the BKT phase transition, provide a sensitive test to the universality prediction by classical-field theory [11, 12] and quantum Monte Carlo (MC) calculations [13] , and point toward growing density-density correlations in the fluctuation region. Our assay raises new perspectives to explore further universal phenomena in the realm of classical and quantum critical physics.
The collective behavior of a many-body system near a continuous phase transition is insensitive to the details of its microscopic physics [1] . Characteristic features near the phase transition are that the thermodynamic observables follow generalized scaling laws [1] . The Berezinskii-KosterlitzThouless (BKT) phase transition [2, 3] in two-dimensional (2D) Bose gases presents a particularly interesting case because the marginal dimensionality and intrinsic scaling symmetry [4] result in a broad fluctuation regime which manifests itself in an extended range of universal scaling behavior. Studies on BKT transition in cold atoms have stimulated great interest in recent years [5] [6] [7] [8] [9] [10] , clear demonstration of a critical behavior near the phase transition, however, has remained an elusive goal. Here we report the observation of a scale-invariant, universal behavior of 2D gases through in-situ density and density fluctuation measurements at different temperatures and interaction strengths. The extracted thermodynamic functions confirm a wide universal region near the BKT phase transition, provide a sensitive test to the universality prediction by classical-field theory [11, 12] and quantum Monte Carlo (MC) calculations [13] , and point toward growing density-density correlations in the fluctuation region. Our assay raises new perspectives to explore further universal phenomena in the realm of classical and quantum critical physics. In 2D Bose gases, critical behavior develops in the BKT transition regime, where an ordered phase with finite-ranged coherence competes with thermal fluctuations and induces a continuous phase transition from normal gas to superfluid with quasi-long range order [3] . In this fluctuation region, a universal and scale-invariant description for the system is expected through the powerlaw scaling of thermodynamic quantities with respect to the coupling strength and a characteristic length scale [12, 14] , e.g., thermal de Broglie wavelength (Fig. 1a) . For weakly interacting gases at finite temperatures, in particular, the scale invariance prevails over the normal, fluctuation, and superfluid regions because of the densityindependent coupling constant [15] and the symmetry of underlying Hamiltonian [4] .
In this letter, we verify the scale invariance and universality of interacting 2D Bose gases, and identify BKT critical points. We test scale invariance of in situ density and density fluctuations of 133 Cs 2D gases at various temperatures. We study the universality near the BKT transition by tuning the atomic scattering length using a magnetic Feshbach resonance [16] and observing a universal scaling behavior of the equation of state and the quasi-condensate density. Finally, by comparing the local density fluctuations and the compressibility derived from the density profiles, we provide strong evidence of a growing density-density correlation in the fluctuation regime.
We begin the experiment by loading a nearly pure 133 Cs Bose condensate of N = 2 × 10 4 atoms into a single pancake-like optical potential with strong confinement in the vertical (z-) direction and weak confinement in the horizontal (r-) direction [17, 18] . The trapping potential, V (r, z) = mω 2 r r 2 /2 + mω 2 z z 2 /2, has mean harmonic trapping frequencies ω r = 2π × 10 Hz and ω z = 2π × 1900 Hz. Here, r denotes the radial distance to the trap center and m is the cesium atomic mass. In this trap, the gas reaches temperatures as low as T = 15 nK and moderate peak chemical potential µ 0 < k B T . The ratio ω z /µ 0 > ω z /k B T ∼ 6 indicates that the sample is deeply in the 2D regime with < 1% population in the vertical excited states. Here, = h/2π, h is the Planck constant, and k B is the Boltzmann constant. The 2D coupling constant is evaluated according to g = √ 8πa/l z [15] , where a is the atomic scattering length and l z = 200 nm is the vertical harmonic oscillator length. We control the scattering length a in the range of 2 ∼ 10 nm, resulting in weak coupling strengths g = 0.05 ∼ 0.26. Here, the density-dependent correction to g [15, 19] is expected to be small and negligible (< 2%).
We obtain in situ density distributions of 2D gases by performing absorption imaging perpendicular to the horizontal plane with a commercial microscope objective and a CCD camera [18] (see Fig. 1b for sample images). About 50 images are collected for each experiment condition, and the average density n and the density variance δn 2 are evaluated pixel-wise (see Methods). We obtain the radial density n(r) and variance δn 2 (r) profiles (Fig. 2  insets) by accounting for the cloud anisotropy and performing azimuthal averaging [17] .
We obtain the equation of state n(µ, T ) from the averaged density profile by assigning a local chemical potential µ(r) = µ 0 − V (r, 0) to each point according to the local density approximation. Both T and µ 0 can be determined from the low density wing where the sample is assumed normal and the density profile can be fit to a mean-field formula n(µ, T ) = −λ
, where λ dB = h/ √ 2πmk B T is the thermal de Broglie wavelength.
We confirm the scale invariance of a 2D gas by first introducing the dimensionless, scaled forms of densityñ = nλ (1)
where F and G are generic functions. This suggests both energy and length scales are set solely by the thermal energy and the de Broglie wavelength, respectively. An example at g = 0.26 (a = 10 nm) is shown in Fig. 2 .
Here we show that while the original density and fluctuation profiles are temperature dependent (see Fig. 2 insets), all profiles collapse to a single curve in the scaled units. At negative chemical potentialμ < 0, the system is normal and can be described by a mean-field model (dashed lines). In the range of 0 <μ < 0.3, the system enters the fluctuation regime and deviation from the mean-field calculation becomes evident. Crossing from normal gas to this regime, however, we do not observe a sharp transition feature in the equation of state. At even higherμ > 0.3, the system becomes a superfluid and the density closely follows a mean-field prediction [12] ñ = 2πμ/g + ln(2ñg/π − 2μ). We notice that the mean-field theory in the superfluid limit also cannot accurately describe the system in the fluctuation regime. Transition into the BKT superfluid phase is most easily seen in the scaled fluctuation δñ 2 , which crosses over to a nearly constant value due to the suppression of fluctuation in the superfluid regime [21] . In the density profileñ, a corresponding transition feature can be found when one computes the derivative ∂ñ/∂μ, i.e., the scaled compressibilityκ, as suggested by the fluctuation-dissipation theorem discussed in later paragraphs and Fig. 4 . Finally, our measurement suggests that the validity of scale invariance extends to all thermal, fluctuation and superfluid regimes, a special feature for weakly-interacting 2D gases [4] which underlies the analysis of a recent experiment [22] .
We associate the crossover feature in the density fluctuations δñ 2 and the scaled compressibilityκ with the BKT transition [21, 23] . To estimate the location of the transition point, we apply an empirical fit to this feature and determine the critical chemical potentialμ c and the critical phase space densityñ c (see full Methods). Results at different g in the range of 0.05 to 0.26 are shown in Fig. 3c-d and compared to the theoretical prediction of n c = ln(ξ/g) andμ c = (g/π) ln(ξ µ /g) [24] , where ξ = 380 and ξ µ = 13.2 are determined from a classical-field MC calculation [11] . Our results show good agreement with the theory, apart from a potential systematic error from the choice of the fit function, which can account for a down shift of 10% in the fit values ofμ c andñ c .
Further comparison between profiles at different interaction strengths allows us to test the universality of 2D Bose gases. Sufficiently close to the BKT critical point with |μ −μ c | < g, one expects the phase space density shows a universal behavior [12] ,
where H is a generic function. Here, density and chemical potential are offset from the critical valuesñ c and µ c , which remove the non-universal dependence on the microscopic details of the interaction [12, 14] . To test the universality hypothesis, we rescaleμ toμ/g and look for critical valuesñ c andμ c such that the equations of state at all values of g display a universal curve in the phase transition regime (see full Methods). Indeed, we find that all rescaled profiles can collapse to a single curve in the fluctuation region −1 < (μ −μ c )/g < 0 and remain overlapped in an extended range of |μ−μ c |/g ≤ 2 (see Fig. 3a ), which contrasts the very different equations of stateñ(μ) at various g shown in the inset of Fig. 3a . Our result closely follows the classical-field prediction [12] and quantum MC calculations [13] assuming strictly 2D mean-field contribution, and the fitting parameters: critical densityñ c and chemical potentialμ c show proper dependence on g and are in fair agreement with the theory prediction [11] (see Fig. 3c-d) . We emphasize that critical values determined from the density fluctuations (see Fig. 3c-d ) match well with those determined from the universal behavior, indicating that universality is a powerful tool to determine the critical point from a continuous and smooth density profile. Similar agreement with the theory on the critical densities has also been reported based on different experiment techniques [6, 8, 10] .
Further universal features near the phase transition can be revealed in the growth of the quasicondensate (QC) density n q = √ n 2 − δn 2 across the phase transition [11, 12, 25] . QC is a measure of the nonthermal population in a degenerate Bose gas. A finite QC density does not necessarily imply superfluidity, but can be responsible for a non-Gaussian distribution observed in momentum space [8] . QC is predicted to be universal near the critical point following [12] 
where Q is a generic function andñ q = n q λ 2 dB . We employ both of our density and fluctuation measurements to evaluateñ q at various g. Adoptingμ c determined from the universal behavior of the density profile, we immediately find that all measurements collapse to a single curve in the range of |μ −μ c |/g ≤ 2 with apparent growth of QC density entering the fluctuation region (Fig. 3b) . The generic function Q we determined is in good agreement with the classical-field [12] and quantum MC [13] calculations with no fitting parameters. Both our density and fluctuation measurements show universal behaviors throughout the fluctuation region where a mean-field description fails and confirm universality in a 2D Bose gas near the BKT phase transition [12, 13] .
The generic functions we described in the previous paragraphs offer new avenues to investigate the critical behavior of the 2D gas. Following the framework of scale invariance, we compare the dimensionless compressibilityκ = ∂ñ/∂μ = F ′ (μ) and the fluctuation δñ 2 = G(μ) extracted from the measurements at g = 0.05 and 0.26 (see Fig. 4 ). In the normal gas regime at low phase space density (G(μ), F ′ (μ) < 3), a simple equality G = F ′ is observed. This result is consistent with the fluctuationdissipation theorem (FDT) for a classical grand canonical ensemble [20] , which gives k B T ∂N ∂µ = δN 2 , where N is the particle number in a detection cell. In the fluctuation and the superfluid regimes at higher phase space density, our measurement shows that density fluctuations drop below the compressibility G < F ′ . Natural explanations for the observed deviation include non-vanishing dynamic density susceptibility at low temperature [26] and the emergence of correlations in the fluctuation region [27] . While the former explanation is outside the scope of this article, we show that the correlation alone can explain our observation. Including correlation, the compressibility conforms to [27, 28] 
where ... denotes ensemble average and z = 1+n(r) [g (2) (r,r+r
is the relative strength of correlation to local fluctuation δñ 2 [27] . Here g (2) is the normalized second-order correlation function [29] and v denotes the effective area of the resolution limited spot. When the sample is uncorrelated, we have z = 0; nonzero z suggests finite correlations in the sample. In the fluctuation region shown in Fig. 4 , observing a lower fluctuation than would be indicated by the compressibility, with z approaching 2, suggests that the correlation length approaches or even exceeds our imaging cell dimension √ v ∼ 2 µm. This observation is in agreement with the expected growth of correlation when the system enters the fluctuation region. Similar length scales were also observed in the first-order coherence near the BKT phase transition using an interferometric method [8] and near the superfluid phase transition in three dimensions [30] .
In summary, based on in situ density measurements at different chemical potential, temperature, and scattering length, we have explored and confirmed the global scale invariance of a weakly-interacting 2D gas, as well as the universal behavior near the critical point. Our results provide detailed description of critical thermodynamics near the BKT transition and offer new prospects to investigate other critical phenomena near classical or quantum phase transitions. In particular, we present experimental evidence of the growing correlations in the fluctuation region through the application of the fluctuationdissipation theorem. Further investigations into the correlations will provide new insights into the rich critical phenomena near the transition point, for instance, critical opalescence and critical slowing.
Methods Summary
Preparation and detection of cesium 2D Bose gases are similar to those described in Ref. [18] . We adjust the temperature of the sample by applying magnetic field pulses near a Feshbach resonance to excite the atoms. We then tune the scattering length to a designated value, followed by 800 ms wait time to ensure full thermalization of the sample.
Absorption imaging is performed in situ using a strong resonant laser beam, saturating the sample to reduce the optical thickness. Atom-photon resonant cross-section and atomic density are independently calibrated. Averaged atom number N i and number fluctuation δN 2 i at i-th CCD pixel are evaluated pixel-wise based on images taken under identical experiment conditions. The photon shot-noise, weakly depending on the sample's optical thickness, is calibrated and removed from the measured number variance. We correct the effect of finite imaging resolution on the remaining number variance using calibration from dilute thermal gas measurements. The density fluctuation δn Detection of caesium 2D Bose gases is detailed in ref. [18] and the atomic surface density n of the 2D gas is evaluated with similar schemes discussed in Ref. [31] , where the resonant cross-section σ 0 is independently calibrated using a thin 3D Bose condensate with similar optical thickness and the known atom number-to-ThomasFermi radius conversion. The calibrated value of σ 0 can be compared to that determined from the atom shotnoise amplitude in dilute 2D thermal gases, where the noise is evaluated using binned CCD pixels to remove finite resolution effects. For dilute thermal gases, we expect δN 2 = N , where N is the mean atom number; we compare the fluctuation amplitude to the mean and extract the value of σ 0 . Two results agree to within 10% and the residual non-linearity in the density calibration is negligible.
We evaluate the atom number variance δN 2 pixel-wise based on images taken under identical experiment conditions. The photon shot-noise contribution δN 2 p , which weakly depends on the sample's optical thickness nσ 0 , is calibrated and removed from the atom number fluctuation using δN is the photon shot-noise without atoms and γ is the ratio of the imaging beam intensity to the saturation intensity. Both δN 2 0 and γ are experimentally calibrated. We then correct for the effect of finite resolution on the number fluctuation [17] by comparing the atom number variance in a dilute thermal cloud to its mean atom number, using δN 2 = N , and applying this calibration to all fluctuations measured at lower temperatures and higher densities.
B. Density-density correlation in the fluctuation measurement.
In the fluctuation measurement, we determine δn 2 from the pixel-wise atom number variance using the formula δn 2 λ 2 dB = δN 2 /A, which replaces the dependence on the pixel area A by a natural area scale λ 2 dB . This definition, however, does not fully eliminate the dependence on the imaging resolution spot size v ∼ (2 µm) 2 . In particular, when the density-density correlation length ξ approaches or exceeds the resolution, the measured fluctuation can depend on the fixed length scale √ v, which can complicate the scaling behavior. However, we do not see clear deviation of scale invariance and universality within our measurement uncertainties ( Fig. 2b and 3b) . We attribute this to the small variation of the non-scale invariant contribution within our limited range of sample temperature. Further analysis on the correlations and fluctuations is in progress and the result will be published elsewhere.
